SYNOPSIS. An organism's phenotype results from an interaction of environment and genotype. Sex steroids play a role in translating sexual genotype into phenotype. The focus of this research has been to extend the model of sex steroid hormone action in sexual differentiation to individual variation in reproductive phenotype. The hypothesis generated, called the relative plasticity hypothesis, has been tested in a species with alternative phenotypes, tree lizards (Urosaurus ornatus). Such species are useful models for tests of these ideas because variation is extreme and easily studied. These tests have shown that permanent differentiation of the territorial and nonterritorial phenotypes is accomplished by hormonal mechanisms operating during early development. These are similar to organizational actions of hormones classically described for sexual differentiation. A unique finding of this work is that the adrenal hormone progesterone regulates differentiation of the two male types. Furthermore, the nonterritorial male tree lizard appears to conditionally switch tactics between sedentary satellite and nomadic behavior. Nomadic behavior is triggered under stressful environmental conditions. Nonterritorial tree lizards show greater inhibition of reproductive hormones following stress than do territorial tree lizards, suggesting that a differential sensitivity of reproductive hormones to stress is the endocrine basis of conditional tactic switching in this morph. This mechanism is similar to the classical activational effects of hormones. Together, these findings indicate that individual variation in sexual phenotype is produced by mechanisms similar to sexual differentiation. Further refinement of the models and integration with some evolutionary ideas is explored.
INTRODUCTION
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ual differentiation seems too specialized. A central goal of our recent research efforts has been to determine to what extent our understanding of sexual differentiation can be generalized to other types of differentiation processes.
We have been particularly interested in another question at the interface of proximate and ultimate approaches: the production of individual variation. Individual variation, especially heritable individual variation, is the raw material of natural selection. Furthermore, the mechanisms that produce individual variation have been elusive . Because of the central role that hormones, especially the sex steroid hormones, play in mammalian sexual differentiation, we have been especially interested in the role that sex steroid hormones might play in producing individual, within-sex variation in reproductive phenotype.
We believe that our understanding of the mechanisms that produce individual variation in reproductive phenotype has been hampered by the continuous, unimodal distribution of such variation. Such traits are complex to analyze and the outcomes of experiments can be difficult to interpret. In contrast, our understanding of the production of sexual phenotypes has been greatly facilitated by the fact that sexual traits are usually strongly bimodally distributed, if not discontinuously distributed, in many species. Study of within-sex, individual variation in phenotype would therefore also be greatly facilitated by model systems that exhibit similar bimodal distribution of traits.
Many species exhibit extreme patterns of individual, within-sex variation in reproductive phenotype. These are species that have alternative male phenotypes (Gross, 1996) . In these species, there are multiple types of males that may differ in morphology and behavior as much or more than the sexes do. For example, in bluegill sunfish there are three types of males: small, cryptically colored sneaker males, intermediatesized female mimics and large, brightly colored parental males.
The central question of our research program is: Can our understanding of the role Schematic representation of the parallels between the hormonal mechanisms of sexual differentiation (A) and hypothesized mechanisms of differentiation of alternative male phenotypes (B). The relative plasticity hypothesis proposes that fixed phenotypes differentiate by hormonal actions equivalent to organization during early development whereas plastic phenotypes are switched on and off in the same individual during adulthood by hormonal mechanisms equivalent to activational effects described for sexual differentiation.
that sex steroid hormones play in sexual differentiation be generalized to the differentiation of alternative male phenotypes? It is our hope that by studying these extreme examples of individual variation we will uncover processes that can be generalized to the more typical example of continuous, unimodal variation.
MODELS OF PHENOTYPE DIFFERENTIATION

Organization-activation
The work on mammalian sexual differentiation has identified two different mechanisms by which hormones act (Fig. 1A) , termed organization and activation (Arnold and Breedlove, 1985) . Organizational actions of hormones occur early in development during a well defined critical period and effect irreversible changes in sexual phenotype. For example, the male rat brain is permanently affected by elevated androgens present only during the first few days ALTERNATIVE MALE PHENOTYPES 135 after birth (Yahr, 1995) . Activational actions of hormones occur during adulthood and effect temporary changes in an organism's phenotype that reverse once hormone levels decline. For example, song production by male passerine birds is activated by vernal increases in androgen levels and song production declines when androgen levels decline at the end of the breeding season (Wingfield and Moore, 1987) .
Relative plasticity hypothesis Moore (1991) proposed the relative plasticity hypothesis which generalized the organizational-activational model of hormone action to alternative male phenotypes (Fig. IB) . This hypothesis recognizes the difference between fixed and plastic alternative phenotypes. Fixed phenotypes are those in which individual males permanently differentiate into one of the phenotypes and never change phenotypes during their lifetime. Plastic phenotypes are those in which individual males may reversibly or irreversibly change phenotypes during their lifetime. An example of fixed phenotype is the system of alternative male types in ruffs (Lank et ai, 1995) . In this shorebird, males either develop into dark-colored territorial males or light-colored satellite males and do not change morphs during their lifetime. An example of plastic phenotypes are spring peepers (Lance and Wells, 1993) . In this species, typical of many group-breeding anuran amphibians, males can either call to attract females or remain silent and attempt to intercept females headed toward calling males. In this species, males can switch roles on different nights.
The relative plasticity hypothesis (Moore, 1991) proposes that differentiation of fixed phenotypes is accomplished by organization and that the transitions between phenotypes in plastic phenotypes is accomplished by activation (Fig. 1) . The hypothesis makes specific complementary predictions for fixed and plastic phenotypes. For fixed phenotypes, the hypothesis predicts that hormone differences between the phenotypes will exist during early development. If hormone differences exist at all between adult phenotypes, these differences will be the result of differential social experience, and will not play a role in producing phenotype differences. Furthermore, for fixed types, the hypothesis predicts that hormone manipulations will be effective in altering phenotype early in development, but that hormone manipulations will not be effective in altering phenotype in adults. For plastic phenotypes, the hypothesis predicts that adult phenotypes will differ in circulating levels of hormones and that hormone manipulations in adults will be effective in altering phenotype.
We now examine the progress our laboratory has made over the last decade testing these hypotheses in a model system of complex alternative male phenotypes.
TREE LIZARD PHENOTYPES AS A MODEL SYSTEM
Tree lizard polymorphism: An overview Male tree lizards (Urosaurus ornatus) are strikingly polymorphic in the color of the dewlap (Hover, 1985; Moore, 1991a, b\ Zucker, 1994a; Carpenter, 1995b) . The dewlap is the throat fan that is extended and displayed during both malemale and male-female interactions. The dewlap usually consists of either a solid color or a central spot surrounded by a background color. So far our laboratory has documented at least nine different color combinations in several populations which we refer to as solid orange, bicolor orange (dark orange center with lighter orange surround), solid yellow, solid blue, solid emerald-blue, solid violet, orange with a blue center, yellow with a blue center and yellow with a violet center. Furthermore, of the several Arizona populations that we have examined, we have found that most populations have very different morph frequencies . Some populations are monomorphic (interestingly, monomorphic populations are, in our experience, always blue), some populations have two morphs and others have as many as five (Thompson and Moore, 1991a) . As discussed below, our work (Thompson and Moore, \99\b, 1992; Thompson et al., 1993) and the work of others (Hover, 1985; Zucker, 1994a; Carpenter, 1995a, b) have found ample behavioral correlates with dewlap color indicating that the color morphs represent alternative male reproductive phenotypes. However, as also discussed below, our work indicates that the social system of tree lizards is responsive to the environment and displays considerable plasticity. In addition, work by others in other populations has documented social systems not present in our populations (Zucker, 1989 (Zucker, , 1994a or has failed to find as striking a correspondence of dewlap type and behavior (Zucker and Murray, 1996) . Given the enormous among population variability in dewlap type, the plasticity of the social system and the diversity of possible social organizations, it may not be possible to generalize from one population of tree lizards to another (Zucker, 1989; McCloskey et al., 1990; Thompson and Moore, 1992; Zucker, 1994a, b; Carpenter, 1995a) . The diversity and plasticity of tree lizard social systems certainly merits further study, but for now it is possible to use single populations as models to test specific hypotheses. We now describe the social system in our main central Arizona study population (Thompson and Moore, 1991a) along Sycamore Creek about 10 km upstream of its confluence with the Verde River.
The model population
The Sycamore Creek population is dominated by two types of males (usually greater than 90% of the population), those with solid orange dewlaps and those with orange dewlaps with a blue center (called orangeblue males) which may appear green or almost yellow depending on the amount of orange pigment that overlays it. However, yellow, yellow-blue and bicolor orange males are occasionally encountered in this population at low frequency. Until recently, we did not recognize the bicolor orange males as distinctive. They are rare and we have no data indicating a need to separate them in our work and therefore continue to combine them with unicolor, solid oranges. However, future work in our population and work by others in other populations may have to pay closer attention to this distinction, in case they do represent a different behavioral phenotype. Although not exten- Differences in the aggressive response of freeliving orange and orange-blue males to the presentation of a tethered intruder male tree lizard (intruders were randomized with respect to color morph type). Note especially the difference in the percentage of males of each type expressing the maximum response (Thompson and Moore, 1992) .
sive, our published (Thompson and Moore, 19916) and unpublished (M.C.M.) observations suggest that yellow and yellow-blue males are behaviorally equivalent to orange and orange-blue males and we generally consider them together. In this population, the relative frequency of orange and orange-blue males is 1:1 and this has remained very stable over nearly a decade of study under a variety of extreme environmental conditions (Thompson and Moore, 1991a; . In this population, orange-blue males are aggressive territory holders with large territories that usually overlap 3-4 smaller female territories. In our initial work on this population (Thompson and Moore, 19916, 1992; Thompson et al., 1993 Thompson et al., ) in 1987 Thompson et al., -1990 , we characterized orange males as much less aggressive males that were subordinate to orange-blue males in laboratory dominance tests and less aggressive toward introduced intruders under natural situations (Fig. 2) . Several intensive mark-recapture studies conducted on carefully surveyed, 1-2 ha plots sampled nearly daily for 4-8 weeks indicated that orange-blue males are site-faithful territory holders (unpublished, M.C.M., D.K.H., and R.K.). One of these study plots contains from 20-40 orange-blue male territories. Orange-blue males are resighted frequently, nearly every day, and over 90% of the individuals marked were subsequently resighted ( Fig. • 3). In contrast, these same studies indicate that orange males are not site faithful. Over two-thirds of marked orange males were not resighted again (Fig. 3) . Individual orange males have been observed on more than a dozen occasions to move more than 100 m in a straight line, a distance equivalent to about 5-10 orange-blue male territory diamenters, something orange-blue males have never been observed to do. In addition, new orange males were being marked on a consistent basis throughout the study, whereas the frequency of new orange blue-males tapered off very quickly, usually within the first few days. These differences in orange and orange-blue male sighting and resighting do not appear to represent differential mortality. If they did, orange males would be expected to become increasingly scarce relative to orange-blue males as the season progresses (especially if the mortality is almost % of the animals per day as the resighting data suggest!). However, the ratio of orange to orange-blue males remains constant across months in the same study and across years in different studies (Thompson and Moore, 1991a) . In addition, if the differences were only due to mortality, new orange males would not be expected to be continually turning up to replace the orange males that disappeared. These observations are more consistent with the explanation that orange males only spend a day or two in an area the size of our study plots and then move on. These observations thus support the conclusions that orange-blue males are sedentary and that orange males are either completely nomadic or have home ranges that are more than 20 times larger than an orange-blue territory (and thus too large to be detected on our study plots). Without direct data like radiotelemetry we cannot distinguish these explanations, but we will refer to orange males as nomadic in the rest of the paper, because they are either nomadic or have home ranges so large as to be effectively nomadic.
Although based on multiple years of data, it now appears that this characterization of orange males as always nomadic may have been incomplete. Based on more extensive observations over nearly a decade, it now appears more likely that orange males practice a conditional strategy based on environmental conditions (unpublished, R.K., D.K.H. and M.C.M.). Our initial studies from 1987-1990 were conducted under drought conditions. Under these conditions, available tree lizard habitat is restricted to narrow riparian corridors. In 1991-1993, the study area experienced much wetter conditions, especially because of abundant winter rains and cooler spring temperatures. Under these conditions, the hillsides surrounding the riparian corridors are inhabited by tree lizards much later in the season than they are in dry years. In these wetter years, orange males proved to be sedentary and they were resighted after marking as frequently as orange-blue males (Fig. 3 ). This suggests that orange males practice a different reproductive tactic under less stressful conditions when habitat is less restricted. This hypothesis was supported in 1994-1995 when drought conditions returned to Arizona and orange males resumed being nomadic (Fig. 3) . Sedentary orange males maintain smaller home ranges than orange-blue males, about the size of a female home range ( Fig. 4; lished, M.C.M., D.K.H. and R.K.). Thus, they do not appear to adopt the fully territorial tactic of orange-blue males. For now, we will characterize this tactic as sedentary satellite, but further work is needed to define fully the behavior of these males. In addition, the data also support the interpretation that orange male behavior is bimodal (either sedentary or nomadic). We have observed orange males to only do one of two things: settle in a very small home range or be resighted once and never be seen again. If there were a continuum in home range sizes of orange males, our study plots (1-2 ha, 20-40 orange-blue male territories) would have been large enough to detect some intermediate-sized orange male home ranges if they existed. Several factors may contribute to the evolution of these multiple male types in tree lizards. Orange-blue males defend relative large territories (10-30 m in diameter) in structurally complex habitats (trees or large boulders). These are difficult to defend by line of sight and are probably easily penetrated by rover males. In addition, survivorship of adult tree lizards is poor and in dry years nearly all adults are dead by the end of the breeding season (Tinkle and Dunham, 1983; unpublished, M.C.M.) . The continuous mortality of orange-blue territory holders during the course of the breeding season would leave unguarded females that rover males could mate with. Either or both of these factors could contribute to the evolution of a system of multiple male phenotypes.
The specific mating tactics and relative mating success of the different male types in tree lizards is unknown. The persistence of the 1:1 ratio of morph types across many years suggests that both are successful (Thompson and Moore, 1991a) . Naturally-occurring copulations are rarely observed. Both male types have been observed to attempt forced copulations in the laboratory, but the use of this tactic in the field is unknown.
A final, unique aspect of the differences between the alternative phenotypes in tree lizard is body size. Like many males with alternative phenotypes, the tree lizard phenotypes differ in size. What is unique is that the nonterritorial orange males are larger than the orange-blue males, a difference that is maintained when they are reared in social isolation in the laboratory (Thompson et al, 1993) . As far as we know, this is the only system of alternative morphs where the territorial male is smaller. However, a more sophisticated allometric analysis reveals that orange-blue males are more massive at a given body length than are orange males . Thus, orange-blue males appear to be short and stocky whereas orange males are long and lean. These differences may reflect different strategies of investment in different components of body composition during growth. Orange-blue males must use energy to aggressively establish territories early in the season when food resources are scarce, whereas orange males can invest this energy in something else.
Fixed or plastic alternatives!
Tree lizards appear to be an ideal system to test predictions of the relative plasticity hypothesis because both fixed and plastic alternatives exist in the same species. The distinction between orange and orange-blue males appears to be fixed. We have followed hundreds of individuals in the laboratory and in the field, many across multiple years and have never seen an individual change morph. Thus, extensive observation of adults overwhelmingly demonstrates that morph type is assumed early in life and remains fixed thereafter in an individual.
Furthermore, although the critical cross breeding experiments have not been done, the evidence collected so far, especially the common garden experiments, is most consistent with a genotypic basis for morph type: 1) Clutches of tree lizards reared in the laboratory develop into the same ratio of orange and orange-blue males as in wild populations (Thompson et al., 1993) . If morph type were controlled by enviromental conditions, not genotype, this would be a remarkable, although not impossible, coincidence. 2) More rigorous common garden experiments bringing clutches in from populations that differ in morph frequency showed that hatchlings from different populations reared in identical conditions in the laboratory develop into the morph type frequency of their parental population and differ significantly from one another. These findings are consistent with the hypothesis that morph differences are either genotypically based or the result of maternal influences . 3) In addition, treatment of females with dihydrotestosterone (DHT) causes them to express a male phenotype, and the ratio of phenotypes in induced females is the same as in naturally occuring males from the same population. This intriguingly suggests that they are expressing an underlying genotype (Hews and Moore, 1995) . Again, while not conclusive, these data together are highly suggestive of genotypic control of morph type as has been documented in other systems of alternative male phenotypes (Gross, 1996) .
In addition to the fixed phenotype differences between orange and orange-blue males, there appears to be a plastic phenotype difference within the orange males. As discussed above, orange males appear to practice a conditional strategy, switching between nomadic tactics during stressful dry years and sedentary satellite behavior during less stressful wet years. We do not have direct observations of individual orange males switching from one tactic to another. However, the observation that the frequency of orange males remains constant from year to year whereas the ratio of nomads/satellites varies dramatically is difficult to rationalize with any other explanation.
Other polymorphic lizards
Lizard dewlap polymorphisms have been observed in all species of Urosaurus that have been examined, at least some populations of the closely related Uta stansburiana (Sinervo and Lively, 1996) and in at least two species of another closely related genus, Sceloporus (5. aeneus; Guillette and Smith, 1985; and 5. undulatus erythrochelius; Rand, 1990) . Some work on the hormonal basis (Rand, 1992) and evolution (Sinervo and Lively, 1996) of these polymorphisms has been done. For those species with genotypically based polymorphisms, as many of the lizard systems appear to be, the adaptive mechanism that maintains them is almost certainly the evolutionarily stable strategy (ESS, Thompson et al., 1993) . The concept of an ESS will be integrated with some of the hormonal work below.
An elegant evolutionary stable strategy (ESS) has been proposed by Sinervo and Lively (1996) to explain the maintenance of the three dewlap morph types in U. stansburiana. In this model, a system of three morphs, (a polygynous male, a mate-guarding male and a sneaker male) is maintained in a rock-paper-scissors game in which each morph has an advantage over one of the others. This causes the frequency of the three morphs to cycle from breeding season to breeding season, polygynous males are replaced by sneakers, sneakers by mateguarders, mate-guarders by polygynous males, and so on. In comparing this system of three apparently fixed phenotypes to the tree lizard system that consists of one fixed phenotype and one conditional phenotype, it would be interesting to model whether replacing the mate-guarding and sneaker males in U. stansburiana model with a conditional morph that switches between these tactics would stabilize the model and produce the constant morph frequency characteristic of the tree lizard system.
TESTS OF THE RELATIVE PLASTICITY HYPOTHESIS WITH TREE LIZARDS
Fixed alternatives
The relative plasticity hypothesis proposes that differentiation of fixed alternative male types is accomplished by organization, permanent actions of hormones early in development. We first tested the negative predictions of this hypothesis by comparing hormone levels in adult males and by examining the effectiveness of hormone manipulations in altering adult male types. In the first experiment, we collected blood samples from 25 adult males of each type in the field throughout the 5 months of the active season (unpublished, M.C.M. and C.W. Thompson). We measured the levels of testosterone, the sex steroid hormone most often associated with promoting aggression, and corticosterone, the adrenal steroid hormone most often associated with suppressing aggression. The levels of both these hormones were identical in both types of males at all time points (Fig. 5 ). In the second study (unpublished, M.C.M., C.W. Thompson and D. K. H.), we constructed treatment groups composed of 20 orange males and 20 orange-blue males each. Males were either given a sham surgery, castrated or castrated and given a large implant of testosterone or dihydrotestosterone that produced levels at the high end of natural circulating levels (200 ng/ml). Males were maintained in the laboratory and monitored for four months, the normal duration of the breeding season. No male changed his dewlap pattern, although the colors of the castrated males faded slightly. These observations are consistent with the negative predictions of the relative plasticity hypothesis in that they indicate that steroid hormones do not play an activational role in determining the fixed differences between orange and orange-blue males.
The positive predictions of the relative plasticity hypothesis for fixed species concern the effectiveness of hormone manipulations during early development and the existence of hormone differences between the morphs early in development. To test the first prediction, we castrated, sham-operated or testosterone-implanted male tree There are no differences between the morph types for either hormone (P > 0.9, two-way ANOVA). Testosterone levels peak coincident with maximum territorial aggression, but, since this peak occurs in both morphs, it is more likely associated with gonadal function than with behavior. Gonadal growth is nearly complete at this time. The elevation of corticosterone in August is associated with severe drought conditions. Only a few adult males could be found and these were emaciated and severely dehydrated (unpublished, M.C.M. and C.W. Thompson).
lizards on the day of hatch (Hews et ah, 1994) . The testosterone implants produced levels of testosterone equivalent to maximum circulating levels in adult males (around 200 ng/ml). These early hormone manipulations were effective in altering phenotype (Fig. 6) . The castrates largely developed into orange males whereas the testosterone-implanted males largely developed into orange-blue males. We are often asked whether these manipulations altered behavior as well as morphology. Unfortunately these manipulations also strikingly affect body size: testosterone treatment dramatically depresses growth (Hews et ah, 1994) . This effect is consistent with the direction of body size differences between the morphs. However, this effect also creates a situation in which there are no appropriate stimulus animals against which to test the behavior of these very small adult males. Nevertheless, these results for dewlap color and body size are in sharp contrast to the .
negative results of the same manipulations in adults and strongly suggest an organizational role for testosterone during early development in the differentiation of the two morphs of the tree lizard as predicted by the relative plasticity hypothesis. A further characteristic of organization during sexual differentiation is that the hormone actions occur during a brief, well-defined critical period. To determine whether the above effects of hormone manipulations on morph differentiation were confined to a brief critical period, we implanted male hatchlings with testosterone beginning on Day 1, 30 or 60 after hatch (Hews and Moore, 1996) . Tree lizards are about twothirds grown at 60 days and begin to express their morph colors between days 60 and 90. In this experiment, the implants begun at Day 1 and 30 were effective in altering morph type but those begun at Day 60 were not (Fig. 6) . This indicates the presence of a critical period that closes between Day 30 and 60 of posthatching development. Although much further work is necessary to define fully this critical period, it appears to be open later and to stay open longer than critical periods typical of sexual differentiation.
To substantiate further the role of hor- mones in early differentiation of tree lizard reproductive phenotypes, it is necessary to demonstrate that endogenous circulating levels are different between the morphs during early development. Unfortunately, because hatchling tree lizards are small (0.2 g), sufficient blood can only be collected by decapitation. Therefore it is not possible to determine what morph these individuals would later have developed into. However, it is possible to look for indirect indicators of hormone involvement in morph differentiation. First, we would expect the hormone to be elevated during the time of development when hormone manipulations are effective. Second, if we examine the distribution of the individual points that make up such a peak, we should expect a bimodal distribution of hormone levels with about 50% in one cluster and about 50% in another. This expectation arises because the hypothesis proposes that hormones are elevated in one morph and not the other and the distribution of morph types is about 1:1. We measured the levels of the sex steroid hormones progesterone, DHT, testosterone, estradiol and corticosterone over the interval from hatch to 90 days of development ( Fig. 7; opment. Two of these hormones showed significant changes over this interval. As expected, testosterone levels changed significantly over this interval, but peaked at Day 60, somewhat later than the critical period data would have lead us to expect. Examination of the individual points that made up this peak showed substantial bimodality with 55% of the points in the range from 4-40 ng/ml and 45% in the range from 0.1-0.7 ng/ml with no intermediate points. Although highly suggestive, the late timing of this testosterone peak suggests that it more likely is a downstream effect of morph differentiation involved in phenotype expression, rather than the hormonal trigger for differentiation itself.
Much more surprising than the testosterone data, were the significant changes in progesterone during development. Progesterone peaked twice, with one peak on the day of hatch and a second, lower peak on Day 60 coincident with the testosterone peak. The progesterone levels on Day 1 were also strikingly bimodal. Fifty percent of the values were in the range 10-100 ng/ml, very high progesterone values for males (Thompson and Moore, 1992) , whereas the other 50% were in the range 0.1-1.0 ng/ml. There were no intermediate values. The values on Day 60 showed a suggestion of bimodality, but it was less striking than at Day 1 or than in the testosterone data discussed above.
These patterns of progesterone secretion are exactly what would be expected of the hormone controlling morph differentiation. We therefore designed an experiment to test the effectiveness of progesterone manipulations on morph differentiation. In this experiment, unlike the testosterone implant experiments, we used a single injection of progesterone on the day of hatch to mimic the natural pattern of progesterone in the hatchlings. Nearly 90% of the male hatchlings that received this single injection of progesterone on the day of hatch developed into the orange-blue morph when they attained maturity around 90 days of age (Fig.  8) . Thus a single injection of progesterone was as effective in manipulating morph differentiation as the long-term testosterone implants we had employed in our earlier ex- periments. Furthermore, unlike testosterone, progesterone treatment had no effect on body size. This gives us hope that we will be able to use this treatment in the future to test effects on behavior.
The combination of the pattern of progesterone secretion and the results of the manipulative experiment strongly support the conclusion that differences in hatchingday progesterone levels are the endogenous hormone trigger for morph differentiation. The role testosterone plays is less clear. Based on the pattern of testosterone secretion, it probably plays a role somewhat later in development than does progesterone and it may be critical for expression of dewlap color (Hews and Moore, 1995) or in producing the body size differences (Thompson et al., 1993; Hews and Moore, 1995) . Whether this potential role of testosterone is dependent on the earlier action of progesterone or independent of it is the subject of ongoing experiments.
There are several important consequences of the discovery that progesterone plays an important role in early differentiation in tree lizard alternative phenotypes. First, in other species early progesterone appears to originate from the adrenal gland (White and Thomas, 1992a, b, c) . If the progesterone in male tree lizards also comes from the adrenal gland, our results imply a heretofore unsuspected role for the adrenal gland in early development of sexual phenotype. Second, this finding has implications for the evolution of endocrine mechanisms. This role of adrenal progesterone could evolutionarily originate in one of two ways. It could be an evolutionarily novel mechanism that arose in parallel with the evolution of the alternative morphs. If so, this is significant because it provides an easily tractable system for studying selective pressures on endocrine systems. Alternatively, this endocrine mechanism could have arisen out of evolutionary exaggeration of mechanisms that existed in the tree lizard's monomorphic ancestors. If so, this would imply that we have uncovered an overlooked mechanism that is perhaps of fundamental importance to many vertebrates. Supporting the latter argument is the finding in a completely different system, the parthenogenetic Cnemidophorus lizards, that progesterone, not androgen as expected, controls the male-like pseudocopulatory behavior in individuals of these all-female species (Moore et al, 1985; Lindzey and Crews, 1986 . The discovery of progesterone in these two unrelated systems in acting in situations in which androgen was expected suggests that something fundamental has been overlooked with respect to progesterone and male sexual phenotypes.
Plastic alternatives
As discussed above, the tree lizard is an excellent model for testing the predictions of the relative plasticity hypothesis because it appears to exhibit both fixed and plastic phenotypes. The plastic phenotype occurs within the orange morph in which males appear to switch between a sedentary satellite tactic in benign, wet years to a nomadic, nonterritorial tactic in stressful, dry years. For this plastic, conditional tactic switch, the relative plasticity hypothesis predicts that activational effects of hormones will be important. Therefore hormone differences will exist between the morphs and hormone manipulations of adults will cause them to switch phenotypes. We have not directly tested these predictions in nomadic and satellite orange males, but we have gathered some compelling indirect evidence that the Comparison of hormone levels in wet and dry years in the two males types. Both types of males show a stress response of elevated corticosterone in response to dry conditions, however only orange males show a depression of testosterone levels under the same conditions. Testosterone levels of orange-blue males are unaffected. These data support the hypothesis that a stress-induced suppression of testosterone is the endocrine mechanism that causes orange males to switch from sedentary to nomadic tactics in dry years (unpublished, R.K. and M.C.M.). However, note that these data at present are difficult to rationalize with those in Figure 5 indicating similar testosterone levels in orange and orange-blue males in a dry year (1987) .
corticosterone stress response is involved in this switch. First, we have shown that in dry years both orange and orange-blue males have higher levels of corticosterone (Fig. 9) , presumably a stress response to the lower food availability (unpublished, R.K. and M.C.M.). However, orange and orange-blue males differ in the response of testosterone to these environmental conditions (Fig. 9) . In dry years, the testosterone levels of orange-blue males are the same as in wet years, whereas orange males have lower testosterone levels in dry years than in wet years. We have further shown that this difference in testosterone probably is due to a difference between the morphs in the sensitivity of testosterone to corticosterone negative feedback (Knapp and Moore, 1997a) : orange males show a greater depression of testosterone than do orangeblue males in response to elevations of corticosterone produced either 1) endogenously by subjecting the animals to restraint stress or 2) exogenously by administering corticosterone in the field with dermal patches (Fig. 10 ; Knapp and Moore, 1991b) . A further piece of this puzzle is revealed by the differences in the morphs in their long-term hormonal response to aggressive encounters (Knapp and Moore, 1996) . Orange-blue males do not The testosterone levels of orange-blue males given a corticosterone patch for 24 hours that produced stress-like levels of corticosterone were significantly higher than orange males given the same patch that produced the same levels of corticosterone. Note that, unlike more invasive methods of administering corticosterone (injections or ip implants), the application of a dermal patch containing vehicle only by itself does not affect corticosterone levels (Knapp and Moore, 1997a) .
show any changes in testosterone or corticosterone on the day after winning a staged aggressive encounter in the field, whereas orange males show an increase in corticosterone and a decrease in testosterone. Taken together these data support the model presented in Figure 11 . This model proposes that orange-blue males maintain a constant reproductive tactic because they show a single-step stress response: corticosterone increases but testosterone levels are relatively resistant to suppression by corticosterone. This resistance maintains the reproductive tactic in the face of stressful environmental perturbations. In contrast, orange males show a two-step response to stress: corticosterone levels increase and cause a decrease in testosterone levels. The model proposes that these falling testosterone levels cause males to abandon site-fidelity and become nomads (cf. DeNardo and Sinervo, 1994fc; DeNardo and Sinervo, 1994a) . Thus, the reproductive tactic of orange males appears to be more sensitive to environmental perturbations and this mechanism could produce a conditional switch in tactic based on environmental conditions. In summary, there is correlational evidence to support an activational role of hormones for the apparent plastic tactic switch in orange male tree lizards. Manipulative experiments are needed to 1) establish that 11 . A model for the endocrine mechanism of tactic switching in orange males. The model proposes that orange-blue males show a single step stress response whereas orange males show a two-step stress response. Specifically, both types of males respond to stress with an increase in corticosterone. However, the testosterone levels of orange-blue males are relatively resistant to suppression by corticosterone. Testosterone levels remain high in all conditions which in turn maintains territorial behavior in all conditions. In contrast, the testosterone levels of orange males are much more sensitive to supression by corticosterone. High corticosterone in orange males suppresses testosterone and in turn suppresses site fidelity.
individual orange males can switch tactics and 2) to test more completely the predictions of the two-step stress model. We patiently await the return of wet conditions to Arizona so that we can proceed with these manipulative tests.
There are several important implications of these analyses of the control of tactic switching in orange males. First, we believe this is one of the first endocrine mechanisms proposed for a conditional behavioral tactic switch and as such provides considerable insight into the links between the environment, hormones and behavior. In addition, we are expanding these studies to the corticosterone receptor level to try to identify the mechanistic basis of the difference in feedback sensitivity of testosterone to corticosterone. In particular, the two-step model predicts that orange males will have greater concentrations of corticosterone receptors in those sites responsible for corticosterone negative feedback on testosterone. If we can establish this link, this will be an elegant example of a molecules to organism to environment story. The fixed differences between orange and orange-blue males appear to be the result of organizational actions of both progesterone and testosterone. Low levels during early development produce orange males, whereas high levels produce orange-blue males. In contrast, the plastic switch in tactics within orange males between satellite and namad tactics appears to the result of the two-step activational mechanism involving the stress increase in corticosterone and the consequent decrease in testosterone levels.
cisely define the target for the natural selection that produced conditional tactic switching in orange males, i.e., it would suggest that selection for conditional tactic switching selected for orange males that had greater concentrations of corticosterone receptors in testosterone negative feedback areas. This would then be one of the few demonstrations of how, mechanistically, natural selection produced a change in an animal's behavior.
Summary of tests of the relative plasticity hypothesis
Together these data, summarized in Figure 12 , provide support for both complementary sets of predictions from the relative plasticity hypothesis. These data support an organizational role for hormones in the fixed differentiation of the orange and orange-blue phenotypes, probably a mechanism involving the sequential action of progesterone early in development and testosterone later in development. These conclusions are supported by both manipulative studies and measurements of endogenous, circulating levels of hormones during development. If morph differences in this species prove to be genotypic as currently available data suggest, it is assumed these hormone differences are the downstream products of these genetic differences, rather than a response to environmental conditions as might be expected if morph differentiation were conditional (see below). The process of differentiation of orange and orange-blue morphs is therefore similar to the downstream differences in gonadal hormones produced by the genotypic differences in the sexes in mammalian sexual differentiation.
The data also support an activational role for corticosterone and testosterone in producing the plastic switch in orange male behavior between nomadic tactics and sedentary satellite tactics. At present, this conclusion is supported largely by correlational data, but manipulative studies are planned as soon as conditions permit.
FUTURE DIRECTIONS
A second generation of the relative plasticity hypothesis
The original formulation of the relative plasticity hypothesis was intended as a first generation hypothesis that recognized as few distinctions as possible in an effort to be parsimonious (Moore, 1991) . The hypothesis recognizes only the distinction between fixed and plastic alternatives based on whether an individual male can assume multiple phenotypes or not. In a more elaborate scheme, Caro and Bateson (1986) recognized 16 different types of alternative male phenotypes, essentially by recognizing three additional sublevels within the fixed and plastic distinction.
The original relative plasticity hypothesis has been 1) very successful in accounting for hormonal influences on alternative male phenotypes and 2) especially important in emphasizing the role of hormones in early development in producing within-sex variations in reproductive phenotype. Nevertheless, it may be time to consider finer resolution distinctions within the fixed and plastic categories to account more fully for the diversity of mechanisms (Fig. 13) .
Within the plastic category, it seems particularly important to emphasize the distinction between reversible and irreversible transitions (Fig. 13) . As mentioned earlier, an example of the former is found in spring peepers, in which individual males can switch between calling and noncalling tactics from night to night (Lance and Wells, 1993) , whereas an example of the latter is found in many coral reef fish, for example the stoplight parrotfish (Cardwell and Liley, 199la, b) , in which males switch irreversibly from sneaker to territorial phenotypes.
In general, reversible tactics appear to most closely resemble the pattern expected from classical activational effects of hormones. Thus, the original predictions of the relative plasticity hypothesis would apply to these species.
In contrast, species with irreversible transitions appear to represent a case intermediate between organization and activation (Arnold and Breedlove, 1985) , because the transition to the second phenotype appears to be permanent. This perspective leads to two new predictions. First, if the transition between phenotypes of irreversible species is more organization-like, then the hormone differences that cause phenotype differences may only be present during the tran- Fig. IB) . The top panel separates fixed strategies into conditional and unconditional tactics. In conditional fixed tactics, an irreversible commitment to one or the other phenotype is made early in development based on some element of the social or physical environment. In unconditional fixed tactics, each organism is unconditionally committed to become one or the other phenotype, most usually because of genotypic differences. The lower panel splits the plastic phenotypes into those that irreversibly transform from one type to the other and those that can switch back and forth. As mentioned in the text, organization-like actions of hormones may be more important in the irreversible plastic tactics than the first generation of the relative plasticity hypothesis predicted. sition between phenotypes. This temporary hormone difference causing a permanent change in phenotype is in a way analogous to the classical organizational effects of hormones. However, this proposed action in these phenotypes differs from classical organization in that the resulting mature phenotype is produced immediately. In essence the proposed action combines organization and activation into a single step. Second, since these transitions are irreversible, it may be that continued hormone differences are not necessary to maintain them. Thus, phenotypes 1) may not differ in circulating levels of hormones and 2) hormone manipulations of the final phenotype may not be able to produce a switch to the initial phe-notype. As with the original prediction for fixed species, it is still possible for phenotypes in irreversible, plastic species to differ in their hormone levels as a consequence of the different social experiences of the phenotypes. Although largely untested, these predictions seem a better fit to the hormonal data on bluegill sunfish (Kindler et al., 1989) and the stoplight parrotfish (Cardwell and Liley, 1991a, b) than the original predictions.
Within the fixed category (Fig. 13) , it may become important to emphasize the distinction between conditional and unconditional fixed tactics (Caro and Bateson, 1986; Gross, 1996) . In the former, males may make a decision to permanently differentiate into one of two types based on early experience, social situation or abiotic conditions. In the unconditional type, males are truly fixed by either genotype or maternal influence to become one or the other type regardless of conditions. The former condition seems to be much more common than the latter (Caro and Bateson, 1986; Gross, 1996) , although it is increasingly likely that some lizard dewlap polymorphisms are genotypically-fixed polymorphisms (Thompson et al., 1993; Sinervo and Lively, 1996; . This further distinction for fixed phenotypes has fewer consequences for the endocrine predictions of the relative plasticity hypothesis than does the distinction mentioned above for plastic types. In general, the hypothesis still predicts that both of these types will accomplish phenotype differentiation through classical organizational actions. However, this distinction may allow us to predict the specific hormone systems involved in relation to the type of adaptive mechanism driving multiple phenotype evolution. The significance of considering adaptive mechanisms is discussed below.
Adaptive mechanisms and analytical tools for evolutionary studies
One of the most exciting aspects of the interface between proximate and ultimate approaches is the possibility that proximate approaches can yield tools that can be of use in tackling questions concerning evolutionary processes. Already tools developed by molecular geneticists have revolutionized evolutionary biology. Can similarly powerful tools be developed from ecological endocrinology?
Two types of tools seem theoretically possible. The first class of tools are those that would allow investigators to manipulate an organism's phenotype and determine its adaptive consequences. This fits into the broader approach known as phenotype engineering (Marler and Moore, 1988; Sinervo and Huey, 1990; Ketterson and Nolan, 1994) . Already ecological endocrinology approaches have yielded powerful tools for the phenotype engineering of behavior using hormone implants. Studies have used these tools to address adaptive questions of mating systems (Wingfield, 1984) , territorial behavior (Marler and Moore, 1988 , 1989 , 1991 , and parental investment (Ketterson and Nolan, 1992; Ketterson et al, 1992) . The second class of tools are analytical tools. These would allow investigators to measure hormone levels and determine something about an animal's evolutionary fitness, or at least its physical or social condition. These tools have been more elusive because the relationships among hormones and these characteristics are neither simple, nor linear .
One approach does occur to us with respect to new models and analytical tools that might be useful. This approach relates to the two types of adaptive mechanisms that produce multiple male phenotypes (Gross, 1996) . The first type of mechanism is an Evolutionary Stable Strategy (ESS). In this mechanism the two phenotypes are alternative pathways to achieving the same level of fitness. The other mechanism is called Best of a Bad Situation (BBS). In this mechanism, one phenotype consists of males that have been denied access to the most fit reproductive tactic and have adopted an alternative, less fit tactic as the best they can do under the circumstances.
It may be possible to develop an endocrine model similar to the relative plasticity hypothesis that would make predictions about how ESS and BBS situations are controlled. In particular, it seems plausible that these two mechanisms may be distin-guished by the role that stress plays in them. Since males in an ESS are essentially equal, stress should not be involved in determining which type a male will develop into. Alternatively, in the BBS one type of male has been forced into selecting a less fit tactic because of some kind of disadvantage. This implies some role for stress in the process. Simplistically, one could argue that ESS systems ought to involve mechanisms using reproductive hormones, whereas BBS systems ought to involve mechanisms using stress hormones. If such a model could be proven, it would have an exciting reverse application for evolutionary biologists. It is often difficult to distinguish whether a system has evolved as and ESS or a BBS. If the above hormonal mechanism could be substantiated, all an evolutionary biologist would have do would be to determine if stress hormones are secreted at the time of phenotype determination to determine if an ESS or a BBS is responsible for the evolution of the system.
Unfortunately, the model presented above, while it has heuristic value in providing an example for the type of tool it may be possible to develop, is too simplistic. Stress can be both good and bad and, in the field, both subordinate and dominant animals can be stressed (Knapp and Moore, 1995 , 1996 , Creel et al, 1996 . Clearly more work is needed to develop a more sophisticated model, but such a model does not seem out of reach. Moore (1991) argued that study of the alternative male reproductive phenotypes, while interesting in its own right, was primarily important because alternative male phenotypes represented an extreme, easily tractable model for within-sex variation in general. Crews (1998) raised some doubts about this possibility. However, this latter perspective does not consider several arguments.
Application to typical species
First, it seems clear that alternative male phenotypes are derived from evolutionary exaggeration of more typical within-sex phenotype variation that existed in their monomorphic ancestors (West-Eberhard, 1986 ). Thus, it seems likely that the mechanisms that produced this preexisting variation in the more typical ancestors would also have been exaggerated to produce the alternative phenotypes. This perspective argues for direct homology between the mechanisms in typical species and mechanisms in species with alternative male phenotypes. The alternative hypothesis that evolution of alternative phenotypes was accompanied by evolution of novel mechanisms to control them is also plausible. However, this hypothesis is contrary to the relative plasticity hypothesis which seeks direct parallels between sexual differentiation and phenotype differentiation. Thus, the considerable evidence in support of the relative plasticity hypothesis can be taken as evidence against the evolutionarily novel mechanisms hypothesis.
Crews (1998) specifically argues that study of alternative male phenotypes, especially fixed phenotypes, does not allow us to investigate influences of the environment unconfounded by genetic influences. From this important, but narrow perspective, this point is well taken. However, in the larger context, it is ultimately important that we understand how both genetic and environmental influences interact to produce the phenotype. First, ignoring the genetic contribution to phenotype means ignoring the heritable component of variation. It is this component on which natural selection will act. Therefore, to the extent that studies of the mechanisms producing individual variation are to be important in the context of natural selection, it is important to retain a focus on genetic contributions. Second, as emphasized in the introduction, phenotype is the result of a complex interaction of environment and genetics. Ideally, we would like a series of model systems that reflect all possible combinations of genotype-environment interactions: 1) environment-genotype interactions together, 2) environment unconfounded by genotype and 3) genotype unconfounded by environment. Unfortunately, the latter situation is almost certainly impossible. However, study of alternative male phenotypes provides examples of both the former conditions, often within the same species. Thus, males with alternative reproductive tactics appear to provide a powerful tool to unraveling the relative influences of genotype and environment in producing phenotype differences.
Already, the promise of this perspective that studies of males with alternative phenotypes will yield findings of significance to more typical species appears to be fulfilled. In a general sense the studies of alternative phenotypes have focused attention on organizational actions of hormones and early development as a source of individual variation. In a more specific sense, the studies mentioned above have uncovered a specific role of progesterone that may be of wider significance.
In summary, generalizing sexual differentiation mechanisms to alternative male phenotypes has successfully produced a variety of novel predictions, caused us to refocus our research efforts into novel arenas, and provided new perspectives that promise the development of even more useful models in the future.
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